Our study investigates short-and longterm effects of infusion of non-esterified fatty acids (NEFA) on insulin secretion in healthy subjects. Twelve healthy individuals underwent a 24-h Intralipid (10 % triglyceride emulsion) infusion at a rate of 0.4 ml/min with a simultaneous infusion of heparin (a bolus of 200 U followed by 0.2 U/min per kg body weight). After an overnight fast (baseline), at 6 and at 24 h of Intralipid infusion and 24 h after Intralipid discontinuation (recovery test), all subjects underwent an intravenous glucose tolerance test (iv-GTT) (25 g of glucose/min). Intralipid infusion caused a threefold rise in plasma NEFA concentrations with no difference between the 6-and the 24-h concentrations. Compared to baseline acute insulin response (AIR) (AIR = 63 + 8 mU/1), short-term (6-h) Intralipid infusion was associated with a significant increase in AIR (86 + 12 mU/1 p < 0.01); in contrast, long-term (24-h) Intralipid delivery was associated with inhibition of AIR (31 _+ 5 mU/1) compared to baseline (p < 0.001) and to the 6-h (p < 0.03) triglyceride emulsion infusion. Intralipid infusion was associated with a progressive and significant decline in respiratory quotient (RQ). A positive correlation between changes in fasting plasma NEFA concentrations and AIR at the 6-h infusion (r = 0.89 p < 0.001) was found. In contrast, at the end of the Intralipid infusion period, changes in plasma NEFA concentrations and AIR were negatively correlated (r = -0.87 p < 0.001). The recovery test showed that fasting plasma NEFA concentrations, RQ and AIR had returned to baseline values. In the control study (n = 8) 0.9 % NaC1 infusion did not mimick the effect of Intralipid. In conclusion, our study demonstrates that shortand long-term exposures of beta cells to high plasma NEFA concentrations have opposite effects on glucose-induced insulin secretion. [Diabetologia (1995[Diabetologia ( ) 38: 1295[Diabetologia ( -1299 Key words Non-esterified fatty acids, plasma insulin, acute insulin response, respiratory quotient.
jor role in the regulation of insulin secretion. In a rat study conducted in 1990, 24-h infusion of Intralipid (a 10 % triglyceride emulsion) was associated with a decline in beta-cell response to glucose, an effect in direct contrast to the stimulation of insulin secretion that was reported after a shorter-term (3-h) infusion [3] . These results were confirmed in a 1994 in vitro study, which provided evidence that long-term exposure of pancreatic islets to NEFA inhibits glucose-induced insulin secretion and biosynthesis, probably due to a glucose/fatty acid cycle [4] . Recently, fasting plasma NEFA concentrations were shown to predict the development of non-insulin-dependent diabetes mellitus (NIDDM), independent of age, gender, per- 6.9 (6.2-7.5) 2-h plasma insulin (pmol/1) 318 (223-448) M (rag-kg FFM-1. rain-l) 6.9 (6.3-7.5)
BMI, Body mass index; M, insulin-mediated glucose uptake; FFM, free fat mass cent body fat, waist/thigh ratio, fasting plasma triglyceride, and insulin-mediated glucose uptake [5] . When acute insulin response (AIR) was added to the model, including gender, percent body fat, and insulin-mediated glucose uptake, fasting plasma NEFA concentrations were no longer predictive of NIDDM [5] . It was thus hypothesized that fasting NEFA concentrations predict the development of NIDDM through effects on both insulin action and secretion. The above experimental data suggest that longterm exposure of beta cells to high fasting plasma NEFA concentrations may impair insulin secretion. To the best of our knowledge, however, no study has examined the effect of long-term NEFA infusion on glucose-induced insulin secretion in healthy subjects. Therefore, we used a continuous infusion of triglyceride emulsion to investigate the difference in beta-cell response to glucose pulse after short-term (6-h) and long-term (24-h) exposure to high fasting plasma NEFA concentrations.
Subjects and methods
Subjects. Twelve healthy individuals volunteered for our study (Table 1) . These participants were not obese and had normal glucose tolerance defined according to World Health Organization criteria [6] ; none had a personal or family history of diabetes. During 3 days prior to undergoing the metabolic investigations and throughout the study periods, all participants consumed a weight-maintaining diet consisting of 50 % carbohydrates, 30 % lipids and 20 % proteins. Insulin-mediated glucose uptake was assessed by a euglycaemic glucose clamp with an insulin infusion rate of i mU/kg per min. None of the participants was taking any drug in the 4 weeks preceding the tests. All individuals gave informed consent prior to participation in the study, which was approved by the ethical committee of our institution.
Experimental design. All studies were performed after a 12-14-h fast and with subjects on bed rest and supine for the duration of testing. An antecubital vein in one arm was cannulated with a 19-gauge catheter for administration of the various agents and kept open by a slow infusion 0.9% sodium chloride (NaC1). All blood samples were drawn from a contralateral G. Paolisso et al.: Non-esterified fatty acids and insulin secretion vein through a three-way stopcock to avoid additional venipunctures during the infusion. Three basal samples were obtained before the start of the infusion and the mean of three was considered as the basal value. All participants underwent a 24-h Intralipid (10% triglyceride emulsion, Intralipid, Pharmacia, Milan, Italy) infusion at a rate of 0.4ml/min and a simultaneous infusion of heparin (a bolus of 200 U followed by 0.2 U/rain per kg body weight) to raise plasma NEFA concentrations two-to threefold. At baseline, at 6 h, and at the end of the 24 h period, an intravenous glucose tolerance test (ivGTY; 25 g/rain) was administered to assess AIR. Twentyfour hours after the end of the Intralipid infusion, a repeat iv-GTT was administered to study the recovery of beta-cell response to glucose. During this study period all subjects stayed in our unit but were not kept in a supine position. After the baseline and the short-term (6-h) test, all the subjects were allowed to eat our standardized diet for healthy subjects. In eight randomly chosen subjects (mean age 35.1 _+ 0.5 years, gender ratio 5 males/3 females, BMI 24.1 _+ 0.3 kg/m 2, body fat 28.4-+0.5%) the same experimental design was repeated along with the infusion of an equal volume of 0.9 % NaCI. Before each ivGTl', changes in respiratory quotient (RQ) (Deltatrac, Datex, Milan, Italy [7] ) were also measured for 60 rain. Body mass and fat-free mass were determined by bioimpedance [8] .
Blood sampling. Blood samples were collected in pre-chilled tubes, which were kept in an ice bath until the end of the study and immediately centrifuged after each experiment. The resultant plasma was stored in a deep freezer for future hormone assay. Plasma glucose concentrations were measured by a glucose oxidase method adapted for use with a Beckman glucose analyzer (Beckman, Fullerton, Calif, USA). Plasma insulin concentration was measured by radioimmunoassay as described elsewhere [9] . Fasting plasma NEFA values were derived using the mean of four different samples drawn at 10-rain intervals. NEFA concentrations were measured in triplicate on each sample, according to Dole and Meinertz [10] .
Statistical analysis
AIR to glucose was calculated as the incremental area of postglucose insulin levels from 3 to 7 rain [11] [12] . Glucose disappearance constant (Conard's K value or Kg) was calculated using the least squares method to determine the slope of correlation between concentration and the time between 10 and 30 min after glucose bolus [12] .
Statistical analyses were performed using SOLO (BMDR Cork, Republic of Ireland) software package. All values are presented as means + SD. Analysis of variance (ANOVA) with repeated measures was used to evaluate the effect of time on the metabolic parameters along with Intralipid infusion. Correlations are Pearson product-moment correlations.
Results

Intralipid infusion study (n = 12).
Compared to baseline concentrations, Intralipid infusion caused a three-fold rise in plasma NEFA concentrations, with no difference between 6-and 24-h fasting plasma NEFA concentrations. Fasting plasma glucose concentrations rose progressively throughout the course of the study and were significantly higher at the end Fig.1 . Fasting plasma NEFA, glucose and insulin concentrations and AIR at the different study times. B, Baseline; 6 h, after 6-h Intralipid infusion; 24 h, after 24-h Intralipid infusion; R, recovery (after 24-h wash-out period). All results are means + SD (n = 12). Statistically significant differences vs baseline were: *p < 0.01, **p < 0.001 of the Intralipid infusion. Fasting plasma insulin concentrations were significantly higher after 6 h of infusion, but these concentrations returned to basal values at the end of the infusion. Although AIR was significantly potentiated after 6 h of infusion, a marked inhibition of AIR occurred with the 24-h infusion. Respiratory quotient (RQ) and glucose disappearance constant (Kg) at the different study times. B, Baseline; 6 h, after 6-h Intralipid infusion; 24 h, after 24-h Intralipid infusion; R, recovery (after 24-h wash-out period). All results are means_+ SD (n = 12). Statistically significant differences vs baseline were: * p < 0.04, ** p < 0.01, *** p < 0.001
This latter value was lower than those at baseline and after 6 h of infusion (Fig. 1) . After the 24-h washout (recovery) period fasting plasma NEFA, glucose and insulin concentrations, and AIR had essentially returned to baseline values (Fig. 1) .
Changes in basal RQ and glucose disappearance constant (Kg) throughout the study are shown in Figure 2 . RQ was progressively lowered by the Intralipid infusion; i. e., significantly different from basal values after 6 and 24 h; no difference, however, was observed between the 6-and 24-h values. Kg was significantly lower than the basal value after the 6 and 24 h infusion. At the end of the infusion, the strongest inhibi- After 6h of infusion, a positive correlation was found between changes in fasting plasma NEFA concentrations and AIR (Fig. 3) . In contrast, at the end of the infusion period, changes in plasma NEFA concentrations and AIR were negatively correlated (Fig. 3) .
Control study (n = 8).
Before starting an infusion of 0.9 % NaC1 solution, fasting plasma NEFA (0. 
-h points. Furthermore, AIR remained at baseline after 6h (67+12mUff; p=NS) and 24h (61 + 15 mUff; p = NS) of NaC1 solution infusion.
Discussion
Our study demonstrates that short-term (6-h) lipid infusion with a threefold increase in fasting plasma NEFA concentrations stimulates beta-cell response to glucose in healthy volunteers. In contrast, longterm (24-h) lipid infusion was associated with inhibited glucose-induced insulin secretion despite the lack of difference between 6-and 24-h fasting plasma NEFA concentrations.
Thirty years ago, Randle et al. [13] [14] proposed that the glucose/fatty acid cycle might cause the alteration in insulin action observed in long-term fasting healthy subjects and in those with NIDDM. Since that time, a growing body of experimental evidence has shown that high plasma NEFA concentrations impair oxidative glucose metabolism and insulin action and cause a secondary impairment in non-oxidative glucose metabolism. The relationship between fatty acid oxidation and glucose metabolism has been documented in skeletal muscle, heart muscle and liver tissue [14] . Despite the fact that fatty acids are also actively taken up and metabolized by pancreatic islets [15] , the relationship between plasma NEFA and insulin secretion is still not completely understood.
Numerous studies have shown that acute increases in plasma NEFA concentrations are associated with a stronger beta-cell response to glucose [1, 2] . In contrast, only few and conflicting data have been reported regarding long-term exposure of beta cells to high plasma NEFA concentrations [16] [17] [18] .
In order to better emphasize the relationship between NEFA and insulin secretion, Borg [19] incubated pancreatic islets for 7 days in the presence of octanoate, but the results were not conclusive. In 1990, Sako and Grill [3] studied the effects of 48-h lipid infusion on glucose-induced insulin secretion, using an intravenous rather than oral glucose load to stimulate beta-cell response to glucose. In perfused pancreata, hyperlipidaemia, with elevated plasma NEFA concentrations, was associated both with short-term stimulation and long-term inhibition of glucose-induced insulin secretion [3] . Such an effect was present during normo-and hyperglycaemic states. In a 1992 study in diabetic rats, high-fat diets were shown to inhibit glucose-induced insulin secretion, biosynthesis, and oxidation [20] . Zhou and Grill [4] demonstrated that long-term exposure of rat pancreatic islets to high NEFA concentrations inhibits glucose-induced insulin secretion and biosynthesis, probably via activation of the Randle cycle [13] . The inhibitory effect of NEFA was independent of the glucose concentration in the incubation medium; this effect was reduced by switching from palmitate to oleate in the medium [13] . Our results are in agreement with those previously reported for animals [3, 201 and rat pancreatic islet studies [4] .
It is possible that long-term exposure of pancreatic beta cells to high plasma NEFA concentrations might impair glucose-induced insulin secretion through fatty-acid-induced damage of beta-cell plasma membranes. In our study, however, the long-term inhibitory effect of NEFA on glucose-induced insulin secretion was completely reversed by the 24-h washout period. Further evidence of a specific inhibitory role of high plasma NEFA concentrations also comes from in vitro data showing that the effect of NEFA upon glucose-induced insulin release is rapidly reversed by administration of etomoxir [4] , a potent and irreversible carnitine palmitoyl-transferase I inhibitor.
The different effects of plasma NEFA on glucoseinduced insulin secretion after 6 and 24 h are not surprising. Increased AIR after short-term NEFA infusion may reflect a compensatory reaction on the part of the pancreatic islets to the progressive impairment in glucose handling. On the other hand, it has been postulated in studies with liver tissue that the inhibition of pyruvate dehydrogenase is responsible for the fatty-acid-induced decline in islet glucose oxidation, a process that exhibits a lag time [14] .
It should be emphasized that the Intralipid solution used in our study contains a much higher proportion of unsaturated fatty acids than does plasma, with the major fatty acid component being linoleic acid. Opara et al. [21] showed that a 20-rain exposure of islet cells to 5 mmol/1 palmitate increased glucose-induced insulin secretion; use of linoleate, however, had the opposite effet. The effect of palmitate -the main plasma fatty acid in glucose-induced insulin secretion -requires future investigation in humans.
In conclusion our study demonstrates that longterm exposure of beta cells to high plasma NEFA concentrations is associated with inhibition of glucose-induced insulin secretion. These data provide a mechanism for further elucidation of the role of elevated NEFA on the development of NIDDM.
